Samad F. Central role of ceramide biosynthesis in body weight regulation, energy metabolism, and the metabolic syndrome. Am J Physiol Endocrinol Metab 297: E211-E224, 2009. First published May 12, 2009 doi:10.1152/ajpendo.91014.2008.-Although obesity is associated with multiple features of the metabolic syndrome (insulin resistance, leptin resistance, hepatic steatosis, chronic inflammation, etc.), the molecular changes that promote these conditions are not completely understood. Here, we tested the hypothesis that elevated ceramide biosynthesis contributes to the pathogenesis of obesity and the metabolic syndrome. Chronic treatment for 8 wk of genetically obese (ob/ob), and, high-fat diet-induced obese (DIO) mice with myriocin, an inhibitor of de novo ceramide synthesis, decreased circulating ceramides. Decreased ceramide was associated with reduced weight, enhanced metabolism and energy expenditure, decreased hepatic steatosis, and improved glucose hemostasis via enhancement of insulin signaling in the liver and muscle. Inhibition of de novo ceramide biosynthesis decreased adipose expression of suppressor of cytokine signaling-3 (SOCS-3) and induced adipose uncoupling protein-3 (UCP3). Moreover, ceramide directly induced SOCS-3 and inhibited UCP3 mRNA in cultured adipocytes suggesting a direct role for ceramide in regulation of metabolism and energy expenditure. Inhibition of de novo ceramide synthesis had no effect on adipose tumor necrosis factor-␣ (TNF-␣) expression but dramatically reduced adipose plasminogen activator inhibitor-1 (PAI-1) and monocyte chemoattactant protein-1 (MCP-1). This study highlights a novel role for ceramide biosynthesis in body weight regulation, energy expenditure, and the metabolic syndrome. sphingolipids; insulin resistance; leptin resistance; insulin resistance; suppressor of cytokine signaling-3; tumor necrosis factor-␣; plasminogen activator inhibitor-1; monocyte chemoattactant protein-1
cluding tumor necrosis factor-␣ (TNF-␣), monocyte chemoattractant protein-1 (MCP-1), and interleukin-6 (IL-6) (reviewed in Ref. 1) , as well as plasminogen activator inhibitor-1 (PAI-1) (19, 29) . PAI-1 is the primary inhibitor of plasminogen activation in vivo and an established risk factor for cardiovascular disease, and recent studies suggest that PAI-1 may also contribute to obesity-mediated insulin resistance, diabetes, and weight gain itself (reviewed in Ref. 5 ). Thus, the dysregulated secretion of adipokines from the adipose tissues in obesity contributes to the insulin resistance in peripheral tissues (muscle, liver) and increased risk for cardiovascular disease. Another mechanism by which obesity leads to insulin resistance in the liver and muscle is via increased intracellular lipid accumulation in these tissues (25, 28, 32, 49, 51) . Clearly, a major challenge now is to identify common mechanisms that may link excess nutrients and dysregulated adipokines (e.g., inflammatory cytokines) to the pathogenesis of the metabolic syndrome. Recent evidence by us and others demonstrates that sphingolipid metabolism is altered in obesity and that these lipid mediators may provide a common pathway that link both excess nutrients and inflammation to increased metabolic and cardiovascular risk (41) .
Sphingolipids are involved in a number of biological processes, including proliferation, differentiation, apoptosis, and inflammation (14) . Ceramide, the backbone of all sphingolipids, is generated in response to a variety of mediators, including proinflammatory cytokines, oxidative stress, and increased levels of free fatty acids (14, 59) , conditions that characterize the obese adipose tissue. Emerging evidence suggests that ceramide may be a putative intermediate linking both excess nutrients such as saturated free fatty acids and inflammatory cytokines such as TNF-␣ to the metabolic syndrome (42, 44, 46, 49) . Previous studies have shown modest increases in total ceramide in the skeletal muscle and liver of obese rodents and humans, and this increase correlates negatively with insulin sensitivity (reviewed in Ref. 41 ). In agreement with these studies, we previously showed that total ceramide levels are also modestly increased in adipose tissues and plasma of diet-induced obese (DIO) mice (46) . However, lipidomic analysis revealed specific and dramatic increases in individual ceramide species that were relatively minor constituents in normal lean mice (46) . For example, increases of more than 300% were observed for C18 ceramide respectively in adipose tissue and plasma of DIO mice.
In this study, we determined whether inhibiting ceramide synthesis improves features of the metabolic syndrome in genetic and high-fat diet-induced obese mice. We show that administration to obese mice of myriocin, a specific inhibitor of serine palmitoyltransferase (SPT), the enzyme that catalyzes the rate-limiting step (condensation of serine and palmitoylCoA) of de novo ceramide synthesis, reduced circulating ceramide and ameliorated multiple aspects of the metabolic syndrome.
MATERIALS AND METHODS
Mice. Animal studies were approved by our Institutional Animal Care and use Committee. C57BL/6J wild-type (WT) and C57BL/6J ob/ob (8-wk-old males)mice were from the Jackson Laboratory (Bar Harbor, ME). Obese (ob/ob) TNF-␣ receptor-deficient mice and WT ob/ob controls were kindly provided by Dr. Gokhan S. Hotamisligil (Harvard School of Public Health). The generation and characterization of these mice are described elsewhere (38, 45, 52) . Myriocin (0.3 mg/kg, Biomol Research Laboratories) or saline was injected intraperitoneally every other day for 8 wk into 1) genetically obese ob/ob mice; 2) C57BL/6J WT mice placed on a high-fat diet (HFD; no. D12492, 60% kcal from fat; Research Diets, New Brunswick, NJ) at the onset of myriocin treatment (DIO model 1); and 3) C57BL/6J WT mice placed on HFD for 8 wk prior to myriocin treatment, and the HFD continued for an additional 8 wk during the course of myriocin treatment (DIO model 2). Daily food intake was monitored throughout the experimental period by measuring the weight of the food pellets given and what was left at the end of each 24-h period.
In some experiments, saline-injected DIO mice were pair fed to myriocin-treated mice. In this instance,, the pair-fed group was given the same amount of food consumed by the saline-treated DIO the preceding day. This group was added to rule out any effects on food intake on observed outcomes.
RNA analysis. Real-time RT-PCR was performed in an iCycler (Bio-Rad Laboratories, Hercules, CA) as previously described (42, 46) .
Cell culture. 3T3-L1 mouse embryo fibroblasts were grown and differentiated into adipocytes as described previously (42, 43) . Adipocytes were treated with ceramide (C6, 25 M) and harvested 3 h later. Total RNA was isolated and relative gene expression of SOCS-3 and UCP3 determined using real-time RT-PCR as described (42, 46) . Sphingolipid analysis. Ceramide, sphingosine, and sphingosine 1-phosphate (S1P) were analyzed by high-performance liquid chromatography-tandem mass spectroscopy (HPLC-MS) as previously described (2) (Lipidomics Core, Medical University of South Carolina).
Metabolic parameters. Insulin was measured with an insulin assay kit (Mercodia Ultrasensitive Insulin ELISA; Alpco Diagnostics, Windham, NH), and glucose was monitored with a Glucometer Elite Blood Glucose Meter (Bayer, Elkhart, IN). For glucose and insulin tolerance tests, mice were injected intraperitoneally with either glucose (2 g/kg body wt) or insulin (Humulin, 0.75 U/kg body wt, Eli Lilly), and blood samples were obtained via tail bleeds at baseline and at 15, 30, 60, 90, and 120 min after glucose or insulin injection and analyzed for glucose levels.
Hepatic triglyceride. Hepatic triglyceride was measured as previously described (22) . Briefly, liver samples (20 -30 mg) were homogenized in isopropanol and centrifuged (2000 g, 10 min), and 100 l of supernatant was dried (Speedvac), dissolved in isopropanol, and assayed for triglyceride content with a Triglyceride E test (Wako).
Insulin signaling: western blot analysis. Mice were injected either with human insulin (Humulin, 0.75 U/kg body wt) or an equal volume of saline through the tail vein and killed 10 min later, and the liver, epididymal adipose tissues, and muscle were collected. Tissues were homogenized and centrifuged (15, 000 g, 30 min) in ice-cold homogenization buffer (26) , and the supernatants (30 g protein, BCA Protein Assay) were subjected to 10% SDS-PAGE followed by Western blot analysis with antibodies to Akt and phospho-Akt (Cell Signaling Technology, Beverly, MA).
Indirect calorimetry. Indirect calorimetry was performed using a computer-controlled, open-circuit system (Oxymax System; The Scripps Research Institute, La Jolla, CA) that is a part of an integrated Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments, Columbus, OH). Testing occurred in respiratory chambers equipped with a food tray connected to a balance and 16 photo beams to detect motor activity. Exhaust air from each chamber was sampled at 15-min intervals for 1 min. Sample air was sequentially passed through O 2 and CO2 sensors (Columbus Instruments) for determination of O2 and CO2 content, from which measures of oxygen consumption (V O2) and carbon dioxide production (V CO2) were calculated. Respiratory exchange ratio (RER) was calculated as the ratio of V CO2 to V O2.
Histological analysis. Formalin-fixed, paraffin-embedded sections (6 m) of adipose and liver tissues were stained with hematoxylin and eosin. Average adipocyte diameters were calculated by measuring the diameters from six random microscopic fields from each mouse by use of the image analysis SPOT software (Diagnostic Instruments).
Statistical analysis. Statistical comparison was performed using the unpaired Student's t-test.
RESULTS
Effect of myriocin on plasma sphingolipid metabolism in obese mice. We previously showed that plasma ceramide levels were increased in genetically obese ob/ob mice and in C57BL/6J mice placed on an HFD (60% kcal from fat) for 16 wk, with the largest increases observed for C16 and C18 ceramide species (42, 46) . De novo ceramide synthesis was inhibited by treating obese mice with myriocin, a specific inhibitor of SPT, the enzyme that catalyzes the initial ratelimiting step (condensation of serine and palmitoyl-CoA) of in vivo ceramide synthesis (14, 59) . Myriocin treatment of ob/ob mice significantly decreased (49%, P Ͻ 0.001) total plasma ceramide (Fig. 1A ) and modestly decreased (24%, P Ͻ 0.05) the downstream metabolite S1P (Fig. 1C) . In the DIO model 1, myriocin modestly yet significantly decreased (20%, P Ͻ 0.05) total plasma ceramide (Fig. 1A ) and dramatically decreased (90%, P Ͻ 0.01) the downstream ceramide metabolite sphingosine (Fig. 1B) but had no significant effect on S1P (Fig. 1C ). In DIO model 2, myriocin treatment decreased total ceramide by 60% (P Ͻ 0.001; Fig. 1A ), sphingosine by 31% (P Ͻ 0.05; Fig. 1B) , and S1P by 30% (P Ͻ 0.05; Fig. 1C ). Lipidomic profiling of individual ceramide species indicates that, whereas there is a general decrease in all ceramide species in response to inhibition of de novo ceramide synthesis in all models (Fig. 1, D, E, and F) , the magnitude and specificity differed. In the ob/ob mice, the largest decrease was observed for C18 (70%, P Ͻ 0.001) and C18:1 (52%, P Ͻ 0.001) ceramide (Fig. 1D) . When mice were treated with myriocin at the onset of the HFD (DIO model 1), the largest decrease was observed for C16 (40%, P Ͻ 0.05) and C18 (36%, P Ͻ 0.05) ceramide (Fig. 1E) . Conversely, when myriocin treatment was initiated in DIO mice (DIO model 2) decreases (42-76%) were observed for all ceramide species except for C14; the largest decrease (76%, P Ͻ 0.01) was observed for C20 ceramide (Fig.  1F) . Thus, although inhibition of de novo ceramide synthesis results in overall inhibition of total ceramide synthesis, the magnitude of inhibition of specific ceramide species and ceramide metabolites (e.g., sphingosine and S1P) differed for each model. These model-specific differences may translate into the magnitude of downstream effects (e.g., effects on weight gain, metabolism, gene expression, insulin signaling, etc.) observed in these mice.
Inhibiting ceramide synthesis reduces body weight and fat mass.
To determine the effect of ceramide synthesis on body weight regulation, the growth of myriocin-treated and control mice was analyzed. Although the body weights of vehicle-treated mice increased rapidly, myriocin-treated mice gained significantly less weight (Fig. 2, A 
, B, and C).
Abdominal subcutaneous and epididymal fat pad weights were also significantly (P Ͻ 0.05) reduced in mice on the HFD when de novo ceramide synthesis was inhibited (Fig.  2 , D, E, and F). Parallel to the reduction in fat pad weights, leptin gene expression was similarly reduced in myriocintreated DIO mice (Fig. 2, G and H) . Histological analysis of adipose tissue sections from mice treated with myriocin indicated the presence of pockets of smaller adipocytes (Fig.  2I) , which was also reflected in the smaller adipocyte diameters (Fig. 2J) .
We next determined whether the mechanism of reduction in body weights of myriocin-treated mice was due to decreased food intake and/or increased metabolism/energy expenditure. Average daily food intake was unchanged in myriocin-treated ob/ob mice compared with controls throughout the duration of the experiment (Fig. 3A) . Myriocin-treated mice showed significantly higher rates of V O 2 ( Fig. 3B ) and CO 2 release (Fig.  3C) , indicative of increased metabolism. Consistent with their elevated metabolic rates, ambulatory activity also was significantly increased (P Ͻ 0.01; Fig. 3E ). The RER, a ratio of V CO 2 to V O 2 , was unchanged in myriocin-treated ob/ob mice (Fig. 3D) . In C57BL/6J DIO mice also, myriocin treatment did not result in any significant changes in food intake (Figs. 4A and 5A). Moreover, after 8 wk of myriocin treatment, body weights of pair-fed saline-injected DIO control mice were similar to those of normal saline-injected controls (controls: 51.7 Ϯ 1.3 g; pair fed: 50.6 Ϯ 2.9 g), and higher than in myriocintreated mice (46 Ϯ 1.7 g). These results further support our observations that the reduction in body weights of the myriocin-treated mice is not a result of any changes in food intake but rather via an alternate mechanism such as an increase in metabolism. Indeed, similar to the ob/ob mice, inhibiting de novo ceramide synthesis in DIO mice also resulted in increased V O 2 (Figs. 4B and 5B), CO 2 output (Figs. 4C and 5C), and increased activity (Figs. 4E and 5E), all indicative of increased metabolism and energy expenditure. In these DIO models, myriocin treatment resulted in a significantly lower RER during the light phase in DIO model 1 ( Fig.  4D , P Ͻ 0.05) and during both the light and dark cycles in DIO model 2 ( Fig. 5D , P Ͻ 0.001), suggesting a shift toward fat utilization as their fuel source. 
Inhibition of de novo ceramide synthesis is associated with decreased adipose expression of SOCS-3 and increased UCP3.
Human obesity is associated with leptin resistance, and recent studies have shown that SOCS-3 is a postreceptor inhibitor of leptin signaling, important in the development of leptin resistance (3, 17, 48, 54). Thus, high-fat feeding leads to a large increase in SOCS-3 expression and to the development of leptin resistance and weight gain (21, 53) . Although inhibition of de novo ceramide synthesis had no effect on adipose SOCS-3 expression in the leptin-deficient genetically obese ob/ob mice (Fig. 6A) , it dramatically and significantly reduced adipose tissue SOCS-3 gene expression in HFD-induced obese mice (Fig. 6 , B and C, P Ͻ 0.01). Moreover, direct treatment of 3T3-L1 adipocytes with the short-chain ceramide analog C6 Fig. 2 . Body weights, adiposity, and adipose leptin expression in response to myriocin treatment in obese mice. Body weights (A, B, C) and fat pad weights (D, E, F) of control, and myriocin-treated obese (ob/ob, DIO) mice. Leptin mRNA expression in epididymal fat pads of control and myriocin-treated DIO model 1 (G) and DIO model 2 (H) mice were determined by real time RT-PCR. I and J: hematoxylin & eosin-stained histological sections of epididymal fat pads and adipocyte diameters, respectively, from control and myriocin-treated obese mice. For A-H and J, data are means Ϯ SD (n ϭ 12). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
(25 m, 3 h) significantly (P Ͻ 0.001) increased SOCS-3 mRNA in these cells (Fig. 6D ). These studies suggest that aberrant ceramide biosynthesis in response to an HFD contributes directly to the expression of the leptin resistance factor SOCS-3 in adipocytes and thereby perhaps contributes to leptin resistance associated with HFD induced obesity.
To begin to understand the mechanism(s) by which inhibition of de novo ceramide synthesis leads to increased metabolism, we determined the expression of UCP3 in white adipose tissues. UCPs are mitochondrial inner-membrane proteins that promote mitochondrial energy expenditure and play important roles in whole body energy expenditure (35) . Inhibition of de novo ceramide synthesis significantly increased the expression of UCP3 in adipose tissues of both ob/ob (Fig. 6E , P Ͻ 0.01) and DIO mice (Fig. 6 , F and G, P Ͻ 0.05). These studies suggest that the mechanisms by which decreased ceramide leads to increase in metabolism may be related to the induction of UCP3. To further confirm this hypothesis, we determined whether ceramide directly regulates the expression of UCP3 in cultured 3T3-L1 adipocytes. Indeed, UCP3 gene expression was dramatically reduced (Fig. 6H , P Ͻ 0.01) in cultured adipocytes after 3 h of ceramide treatment.
Inhibiting ceramide synthesis improves glucose tolerance and insulin sensitivity primarily through restoration of insulin signaling in liver and muscle. We next investigated whether inhibition of de novo ceramide synthesis in obese mice leads to improved glucose tolerance and insulin sensitivity. Both plasma insulin (Fig. 7A ) and glucose levels (Fig. 7B ) were significantly (P Ͻ 0.05) reduced in myriocin-treated ob/ob and DIO mice. Moreover, plasma glucose levels were also similar in control saline-and pair-fed saline-treated DIO mice (control: 207 Ϯ 28 mg/dl; pair-fed control: 212 Ϯ 28 mg/dl), whereas it was significantly lower in myriocin-treated DIO mice (182.8 Ϯ 17.5 mg/dl, P Ͻ 0.01).
Inhibition of de novo ceramide synthesis improved glucose tolerance as indicated by the glucose tolerance test. Thus, myriocin-treated obese mice were more efficient in their ability to clear an intraperitoneally injected bolus of glucose than controls (Fig. 7, C, E, and G) . Insulin tolerance tests indicated that myriocin-treated obese mice were more efficient at insulinmediated suppression of plasma glucose than untreated controls (Fig. 7, D, F, and H) , indicative of improved insulin sensitivity. Interestingly, in DIO model 1, injection with insulin resulted in a steep decrease in plasma glucose at a similar rate For B-E, data are means Ϯ SD (n ϭ 6). *P Ͻ 0.05; **P Ͻ 0.01.
in both myriocin-treated and untreated mice during the initial 30 min (Fig. 7F) . After the initial 30 min, myriocin-treated mice were able to prevent hypoglycemia and rapidly restore glucose hemostasis, while glucose levels remained low in untreated controls. Collectively, these data suggest that inhibition of de novo ceramide synthesis improves glucose intolerance and insulin resistance associated with obesity and leads to effective maintenance of glucose hemostasis.
Since an obligatory step in the insulin signaling pathway leading to increased glucose uptake by the muscle and adipose and decreased glucose output by the liver is phosphorylation and activation of the kinase Akt (4), we analyzed Akt phosphorylation in these tissues. In response to an intravenous injection of insulin, myriocin-treated ob/ob mice showed a marked increase in Akt phosphorylation in the liver compared with untreated mice, without alteration in total Akt (Fig.  7Iob/ob) . In the muscle, inhibition of de novo ceramide enhanced both basal and insulin-mediated Akt phosphorylation (Fig. 7I, ob/ob) , while no effect was observed in adipose tissues. In DIO mice, myriocin treatment increased both basal and insulin-mediated Akt phosphorylation in the liver and in the muscle (Fig. 7J, DIO) . In adipose tissue, basal Akt phosphorylation was moderately but significantly induced by myriocin treatment; however, no difference was observed between myriocin-treated and untreated mice in response to insulin (Fig. 7J, DIO) . Collectively, the data suggest that amelioration of whole body insulin resistance in myriocintreated mice can be attributed largely to restoration of both hepatic and muscle insulin sensitivity.
Interestingly, we observed that inhibition of de novo ceramide synthesis in lean C57BL/6J mice on a normal chow diet also led to modest glucose intolerance and insulin resistance (Fig. 8, A and B) . This may suggest that normal physiological levels of ceramide are necessary to maintain glucose homeostasis and that either increasing (as in obesity) or decreasing ceramide biosynthesis from this physiological threshold may impair glucose homeostasis. Interestingly, in myriocin-treated lean mice on the chow diet, whereas total plasma ceramide levels were decreased, plasma sphingosine was significantly increased (Fig. 8C) . Moreover, the decrease in total ceramide levels observed in myriocin-treated lean mice was due primarily to a decrease in C24 and C24:1 ceramide, ceramide species that are the most abundant and practically determine total ceramide levels in the plasma of normal mice (46) . Alternatively, other species of ceramide, including C14, C16, C18, and C18:1, which were relatively minor components in normal plasma (46) , were in fact increased to varying extents after myriocin treatment (Fig. 8D) . These changes in ceramide , and activity (E) were measured as described (CLAMS) in control and myriocin-treated mice at the end of the 8-wk treatment regimen. For A, data are means Ϯ SD (n ϭ 12). For B-E, data are means Ϯ SD (n ϭ 6). *P Ͻ 0.05; **P Ͻ 0.01.
profiles, together with increased sphingosine in myriocintreated lean mice, appear to be associated with glucose intolerance and insulin resistance in this model. These data are novel, as they suggest for the first time that physiological levels of specific ceramide species and/or sphingosine are important to maintain normal glucose homeostasis and that changes and/or remodeling of these levels may result in glucose intolerance and insulin resistance.
Effect of inhibition of ceramide synthesis on adipose expression of TNF-␣, MCP-1, and PAI-1.
Adipose inflammation is a hallmark of obesity, and the expression of cytokines and chemokines such as TNF-␣ and MCP-1 are increased in adipose tissues of obese mice. Mice lacking these molecules or their receptors showed reduced weight and/or improved insulin sensitivity in various models of rodent obesity (16, 22, 52, 55) . Myriocin treatment, while improving insulin sensitivity in obese mice (Fig. 7) , did not decrease the expression of adipose TNF-␣ (Fig. 9A) . These results are consistent with a pathway in which changes in adipose cytokines such as TNF-␣ may act upstream of ceramide formation. Indeed, plasma ceramide levels were significantly reduced in obese (ob/ob) mice that lack both TNF receptors (p55, p75; Fig. 9B ), directly confirming that TNF-␣ is upstream of a pathway that contributes to elevated ceramide biosynthesis in obesity. On the other hand, the expression of MCP-1 mRNA was significantly reduced in adipose tissues of myriocin-treated DIO mice (Fig. 9C , P Ͻ 0.01), suggesting that ceramide directly contributes to obesityassociated increase in adipose MCP-1. We also determined the contribution of ceramide to PAI-1, a prothrombotic/proinflammatory adipokine that is consistently elevated in obesity. Increased levels of PAI-1 is one of the biochemical hallmarks of obesity, and recent data suggest that PAI-1 can influence weight and adipose tissue accumulation and may also directly contribute to obesity-mediated insulin resistance and type 2 diabetes (5). PAI-1 mRNA expression was dramatically and significantly reduced in adipose tissues of myriocin-treated obese mice (Fig. 9D , P Ͻ 0.01). Together, these results suggest that elevated TNF-␣ in obesity may lead to the upregulation of ceramide biosynthesis, which in turn may contribute directly to increased MCP-1 and PAI-1 associated with obesity and the metabolic syndrome.
Inhibition of de novo ceramide biosynthesis improves hepatic steatosis. Hepatic steatosis (nonalcoholic fatty liver), an important component of the metabolic syndrome, is the most common liver abnormality in the US. It not only contributes to hepatic insulin resistance, but may also lead to hepatic fibrosis and cirrhosis (37) . Hematoxylin and eosin staining showed pronounced steatosis with macrovesicular fat accumulation in obese mice (Fig. 10A, top) , which was significantly reduced after myriocin treatment (Fig. 10A, bottom) . Hepatic triglycerides, one of the major storage forms of lipids in the liver, were also reduced in myriocin-treated obese mice ( Fig. 10B ; for all , and activity (E) were measured as described (CLAMS) in control and myriocintreated mice at the end of the 8-wk treatment regimen. For A, data are means Ϯ SD (n ϭ 12). For B-E, data are means Ϯ SD (n ϭ 6). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. obese models, P Ͻ 0.01). Recent studies suggest a central role for hepatic SOCS-3 expression in the pathology of hepatic steatosis (50) . Our data show that, although myriocin treatment resulted in significant reductions in hepatic SOCS-3 expression in the DIO models (Fig. 10C , DIO model 1, P Ͻ 0.05; DIO model 2, P Ͻ 0.01), it had no effect on hepatic SOCS-3 gene expression in ob/ob mice (data not shown). These data suggest that decreased SOCS-3 expression in response to decreased ceramide synthesis may, at least in part, have contributed to improved hepatic steatosis and the subsequent improvement of hepatic insulin resistance observed in myriocin-treated mice.
DISCUSSION
Given the disease burden and health costs associated with the increased prevalence of obesity and the metabolic syndrome, identifying mechanisms in the pathogenesis of these disorders is crucial for the development of rational therapeutic options. Our studies support a novel role for ceramide biosynthesis in the onset of multiple features of the metabolic syndrome, including weight gain, hepatic steatosis, insulin resistance, and the induction of inflammatory adipokines that increase metabolic and cardiovascular risk (PAI-1, MCP-1). Our studies also suggest that SOCS-3 and UCP3 may play a central mechanistic role in ceramide-mediated pathways that contribute to the metabolic syndrome.
We previously demonstrated that ceramide levels were increased in the adipose tissues and plasma of obese mice (42, 46) , with the largest increase observed for C16 and C18 ceramide. Inhibition of de novo ceramide generation with myriocin, a specific inhibitor of SPT, decreased total plasma ceramide. Interestingly, 16 wk on the HFD (DIO model 2) decreased plasma ceramide by almost 50% in response to myriocin. This reflects the large decreases observed for all individual ceramide species, specifically C20, C24, and C24:1, which we have previously shown are major constituents of plasma ceramide (46) . In contrast, the largest decreases in plasma ceramide in myriocin-treated DIO model 1 (8 wk on the HFD) were observed for C16 and C18 ceramide, which represent minor constituents in the plasma ceramide profile (46) . Although the reason for this is unclear, these selective changes in specific plasma ceramides in response to myriocin in the various treatment regimens and obese models may be related to the expression of ceramide synthase/longevity assurance genes, a family of genes that regulate the fatty acid composi-I J Fig. 7 . Glucose homeostasis in response to myriocin treatment in obese mice. Plasma insulin (A) and plasma glucose (B) were measured after 8 wk of myriocin treatment in ob/ob and DIO mice. C, E, and G: glucose tolerance test. Mice fasted for ϳ6 h were injected with a bolus of glucose, and blood samples were obtained at indicated times and analyzed for glucose levels. D, F, and H: insulin tolerance test. Mice were injected with insulin (0.75 U/kg body wt), blood samples obtained at indicated times, and glucose levels were monitored. For A-H, data are means Ϯ SD (n ϭ 8). *P Ͻ 0.05; **P Ͻ 0.01. Representative Western blots show insulin signaling in response to myriocin treatment. Control (C) and myriocin-treated (M) ob/ob (I) and DIO mice (J) were fasted for ϳ6 h before receiving a 0.75 U/kg insulin injection in the tail vein. Animals were killed 10 min later, and tissues were collected for Western blotting using antibodies to phosphorylated Ser 473 of Akt and Akt. Data are representative of 3 different independent experiments (n ϭ 6).
tion of ceramide (39) . At present, however, it is also not known which tissues contribute to plasma ceramide levels, although the adipose tissues may be a candidate (F. Samad, unpublished observations).
Inhibition of de novo ceramide synthesis in obese mice resulted in decreased weight. This weight loss occurred despite similar food intake, indicating a shift in total energy balance toward increased metabolism, which was manifested by in- Fig. 8 . Glucose homeostasis and plasma sphingolipid profiles in response to myriocin treatment in lean chow-fed C57BL/6J mice. A and B: glucose and insulin tolerance tests, respectively, of control and myriocin-treated lean mice. Data are means Ϯ SD (n ϭ 8). C: plasma ceramide (total), sphingosine, and S1P in control and myriocin-treated mice. D: %change after myriocin treatment in specific ceramide species in plasma. For C and D, data are means Ϯ SD (n ϭ 6). *P Ͻ 0.05; **P Ͻ 0.01. creased V O 2 , increased V CO 2 , and increased activity. Regulation of body weight is governed by multiple pathways, including leptin signaling and the expression of UCPs. Leptin, a hormone secreted primarily by adipocytes, regulates central and peripheral signaling pathways leading to decreased food intake and/or increased metabolism/energy expenditure (10, 11, 58) . Although obesity in the ob/ob mice is due to leptin deficiency, DIO rodents and most obese humans are resistant to the effects of leptin on the regulation of body weight. Thus, a major hallmark of leptin resistance is hyperleptinemia, increased food intake, and decreased metabolism (10) . Our studies suggest that inhibition of de novo ceramide synthesis in DIO mice may improve leptin signaling, as indicated by weight reduction, decreased adipocyte size, decreased adipose tissue leptin expression, and increased metabolism, in myriocintreated mice. However, weight reduction in myriocin-treated ob/ob mice that lack leptin is probably mediated by mechanisms unrelated to leptin signaling (e.g., UCP expression as discussed below). Although the proposition that ceramide synthesis may be involved in the pathogenesis of obesity-mediated leptin resistance is intriguing, further studies are needed to definitively prove this hypothesis. The mechanism of increased metabolism observed in myriocin-treated mice may also be mediated by the induction of UCPs, which are mitochondrial inner-membrane proteins that promote mitochondrial energy expenditure and thermogenesis and thereby play important roles in whole body energy expenditure (24) . Inhibition of de novo ceramide biosynthesis increased adipose UCP3 gene expression, and treatment of 3T3-L1 adipocytes with the shortchain ceramide analog C6 directly reduced UCP3 expression. These studies suggest for the first time that aberrant ceramide accumulation may contribute to weight gain via direct effects on genes (e.g., UCP3) involved in energy metabolism and expenditure.
We show that improvements in insulin sensitivity in myriocin-treated mice are mediated primarily at the level of insulin signaling in the liver and muscle, with a lesser and/or an indirect contribution by the adipose tissues. In addition to insulin-mediated increase in Akt phosphorylation, we also observed a sustained increase in basal Akt phosphorylation in the liver and muscle in myriocin-treated mice. These results are similar to the sustained increase in hepatic Akt phosphorylation observed in the liver specific c-Jun NH 2 -terminal kinase-1 (JNK1)-deficient mice, which also resulted in improved insulin sensitivity (56) . Importantly, ceramide has been shown to activate JNK (40) . An interesting question is whether inhibition of de novo ceramide synthesis in vivo also leads to the downregulation of JNK signaling pathways, and these studies are currently in progress. In our studies, we observed that inhibition of de novo ceramide synthesis of normal lean mice on a chow diet led to modest glucose intolerance and insulin resistance. These studies may suggest that physiological levels of ceramide/ceramide subspecies profiles and/or its downstream metabolites (e.g., sphingosine, S1P, etc.) plays a role in maintaining glucose hemostasis. Indeed, such a concept is not unlikely, given that sphingolipids are components of lipid rafts/caveoli, important in various signaling pathways including insulin signaling (8, 18, 36) .
The improvements in hepatic insulin signaling in myriocintreated obese mice also paralleled a significant reduction in hepatic steatosis. Fatty liver is associated with obesity, insulin resistance, and type 2 diabetes (37), and removal of liver fat improves hepatic insulin sensitivity (9) . Importantly, increased adipose ceramide characterized subjects with fatty liver independently of obesity (23) , suggesting that the decrease in fatty liver in myriocin-treated mice may also be indirectly related to inhibition of ceramide production from adipose tissues. Dexamathasone treatment induced a dramatic increase in ceramide within the portal vein, suggesting that ceramide is secreted from adipose tissues and may be an important modulator of insulin sensitivity in the liver (15) . Thus, the reduction in plasma ceramide in myriocin-treated obese mice in this study may also reflect decreased secretion of ceramide from adipose tissue stores. Moreover, the reduced adipose expression of molecules such as PAI-1 and MCP-1 observed in this study may also contribute to the amelioration of insulin resistance in peripheral tissues.
Myriocin failed to reduce adipose TNF-␣ expression in obese mice, suggesting that ceramide works independently or is downstream of this inflammatory mediator. Obese (ob/ob) mice deficient in both TNF-␣ receptors (p55, p75) have significantly lower levels of plasma ceramide compared with wild-type ob/ob mice, indicating that TNF-␣ is upstream of the pathway leading to elevated ceramide in the setting of obesity. In contrast to TNF-␣, inhibition of de novo ceramide biosynthesis decreased both PAI-1 and MCP-1 expression in adipose tissue of obese mice. Elevated PAI-1 is one of the biochemical hallmarks of obesity (6) and, may contribute directly to insulin resistance, type 2 diabetes, and cardiovascular complications and may even influence adipose tissue accumulation (5). Ceramide can induce the expression of PAI-1 from adipocytes (42) and endothelial cells (47) . Conversely, mice deficient for PAI-1 were protected from HFD-induced increase in adipose and plasma ceramide (46) , suggesting an unexpected link between sphingolipid metabolism and PAI-1. MCP-1 is also elevated in adipose tissues in obesity and implicated to play a role in adipose tissue macrophage recruitment and insulin resistance (20, 22, 30, 31) and accelerated atherosclerosis (12, 13, 34) . We previously showed that ceramide directly induces MCP-1 gene expression in adipocytes (42) , and here we provide evidence that ceramide contributes to adipose tissue MCP-1 expression in vivo in DIO mice.
While our studies clearly indicate that myriocin treatment improves metabolic and inflammatory parameters in obese mice, they do so concurrent with weight loss. As such, it is possible that the reduced weight may have translated into the downstream improvements in hypoglycemia and inflammation. Conversely, it is also likely that reduced ceramide levels directly influence insulin signaling and inflammatory gene expression in target tissues. In this respect, we previously showed that exogenous ceramide directly upregulates inflammatory gene expression in cultured adipocytes (42) , and numerous in vitro studies have demonstrated a direct role for ceramide and/or its metabolites in the development of insulin resistance (41) . In more recent, unpublished studies, myriocin treatment of "extremely obese" C57/BL6J mice that were on an HFD for an extensive period of time (20 wk) did not result in weight loss in the first 3 wk, yet hyperglycemia was improved in myriocin-treated mice (F. Samad, unpublished observations). In this model, weight loss was observed only after the third week of myriocin treatment (F. Samad, unpublished observations). It is likely that a combination of weight loss and direct effects of reduced ceramide resulted in the beneficial outcomes observed in this study. Weight loss was not observed in myriocin-treated Zucker and ZDF rats (15) . Although this difference is difficult to explain, it may include effects due to different models/genetic backgrounds, diets, duration of experiments, treatment regimens used, and other cofounders in the two studies.
The SOCS family of proteins play central mechanistic roles in the development of both leptin and insulin signaling pathways (17, 27, 50) . SOCS-3 expression is high in adipose tissues of various models of murine obesity and appears to contribute to the pathogenesis of the metabolic syndrome (21, 50, 53) . SOCS-3 contributes to leptin resistance by binding JAK tyrosine kinase and attenuating its ability to phosphorylate signal transducer and activator of transcription (STAT) proteins (33, 57) . SOCS-3 binds insulin receptor and prevents its binding to IRS-1, thus inhibiting IRS-1 phosphorylation and downstream insulin signaling (27) . SOCS-3 also inhibits insulin signaling by targeting both IRS-1 and IRS-2 for proteosomal degradation (27) . SOCS-3 expression is significantly reduced in TNF receptor-deficient ob/ob mice (7), and we show that inhibition of de novo ceramide synthesis in DIO mice decreases V O 2 adipose expression of SOCS-3 mRNA. Moreover, ceramide induces SOCS-3 expression in cultured adipocytes. Inhibition of SOCS-3 dramatically ameliorates hepatic steatosis in obese mice (50) , suggesting that SOCS-3 also contributes to the pathogenesis of obesity-associated fatty liver. Indeed, our data also show that the significant improvement of hepatic steatosis in myriocin-treated DIO mice is also associated with a concurrent decrease in hepatic SOCS-3 gene expression. Together, these results are indicative of an in vivo mechanism in which chronic increase in TNF-␣ during weight gain leads to increased ceramide biosynthesis, which in turn directly contributes to induction of SOCS-3, providing a mechanistic link by which ceramide contributes to the pathogenesis of multiple features of the metabolic syndrome. Definitive proof of this hypothesis, however, requires additional experiments, which are currently ongoing.
In conclusion, this in vivo study demonstrates a central role for ceramide biosynthesis in the pathogenesis of obesity and suggests that the ceramide pathway (ceramide and/or its downstream metabolites) may be a novel therapeutic target for inducing weight loss, improving insulin resistance, and specific prothrombotic/proinflammatory profiles in obese patients.
